The ~90-kDa heat shock protein Hsp90 is a highly conserved molecular chaperone that is abundant in eukaryotic cells (~1% of cytosolic protein) [1] [2] [3] . It is involved in many cellular processes, mainly those related to the conformational stabilization and regulation of a specific set of client proteins, including steroid hormone receptors, kinases and polymerases. The specificity of Hsp90 for its various clients seems to be mediated through the interactions of cochaperones such as p23 and Cdc37, and the cycle of binding and release of client proteins generally requires ATP. Hsp90 is a homodimer with three domains per monomer, the N-terminal domain (N), a middle domain (M) and a C-terminal dimerization domain (C) (Fig. 1a) . Structures are available for the complete dimers of Escherichia coli HtpG 4 and yeast Hsp82 (ref. 5), but the conformations of the client proteins when bound to Hsp90 are unknown. There are no published reports of high-resolution structures of Hsp90-client protein complexes; an electron microscopic reconstruction of a complex between Hsp90, the cochaperone Cdc37 and the client kinase Cdk4 has been reported 6 . The complexes between Hsp90 and different clients may be quite different and may even involve different sites on the chaperone 7 .
a r t i c l e s
The ~90-kDa heat shock protein Hsp90 is a highly conserved molecular chaperone that is abundant in eukaryotic cells (~1% of cytosolic protein) [1] [2] [3] . It is involved in many cellular processes, mainly those related to the conformational stabilization and regulation of a specific set of client proteins, including steroid hormone receptors, kinases and polymerases. The specificity of Hsp90 for its various clients seems to be mediated through the interactions of cochaperones such as p23 and Cdc37, and the cycle of binding and release of client proteins generally requires ATP. Hsp90 is a homodimer with three domains per monomer, the N-terminal domain (N), a middle domain (M) and a C-terminal dimerization domain (C) (Fig. 1a) . Structures are available for the complete dimers of Escherichia coli HtpG 4 and yeast Hsp82 (ref. 5) , but the conformations of the client proteins when bound to Hsp90 are unknown. There are no published reports of high-resolution structures of Hsp90-client protein complexes; an electron microscopic reconstruction of a complex between Hsp90, the cochaperone Cdc37 and the client kinase Cdk4 has been reported 6 . The complexes between Hsp90 and different clients may be quite different and may even involve different sites on the chaperone 7 .
One Hsp90 client that has been extensively studied is the tumor suppressor p53, a 393-residue transcription factor that is mutated in >50% of human cancers 8, 9 . Most of the mutations observed in cancers occur in the DNA-binding domain (DBD) of p53 (Fig. 1b) , which is also the site of interaction with Hsp90 (refs. [10] [11] [12] . The Hsp90-binding affinity of the DBD alone is similar to that of full-length p53 (ref. 12) . We set out to determine the state of folding of the human p53 DBD (residues 94-312) in the presence of the chaperone human Hsp90α using spectroscopic methods in solution.
RESULTS

Design of Hsp90 domain constructs
We prepared a series of constructs of human Hsp90α: single-domain constructs representing the N and M domains (the single C-domain construct is not well behaved in solution) and two-domain constructs containing the N + M (NM) and M + C (MC) domains. A shortened construct of full-length Hsp90, in which part of a long charged linker between the N and M domains characteristic of eukaryotic Hsp90s had been deleted (Hsp90∆), was used in preference to the full-length protein, which was much more difficult to express and purify from bacterial cell culture in quantities suitable for NMR spectroscopy. On the basis of size-exclusion chromatography, the N, M and NM constructs are monomeric in solution, and the MC domain and Hsp90∆ are homodimers.
Effect of Hsp90 on NMR spectrum of p53 DNA-binding domain
The major effect of addition of any of the Hsp90 constructs to 15 N-labeled p53 DBD is the lowered intensity of a large proportion of the cross-peaks in the 1 H-15 N HSQC or TROSY NMR spectrum. This intensity loss occurs even for the stabilized mutant p53 that was used to obtain the solution structure 13 (Fig. 1c) . Some cross-peaks (yellow, Fig. 1c ) remain at the same intensity in the p53 spectrum after addition of excess Hsp90 protein, indicating that the corresponding residues in the protein are probably independently mobile and not closely associated with the main body of the protein. Many of these persistent resonances correspond to the C-and N-terminal residues and to exterior mobile loops of the p53 domain. An expansion of one part of the p53 spectrum (Fig. 2) indicates the effects of the various added Hsp90 proteins (full spectra are in Supplementary Fig. 1 ). The lowering of the cross-peak intensity varies in extent as different Hsp90 constructs are added: addition of the two-domain and full-length constructs a r t i c l e s (Fig. 2c-e) leads to reduced intensity and eventual disappearance of resonances at lower titrant concentrations than for either of the single-domain constructs (Fig. 2a,b) . Notably, the same cross-peaks in the p53 spectrum lose intensity with the addition of each of the Hsp90 constructs, all of which contain the N and/or M domain.
Resonance assignments have been reported for the p53 DBD 14 ; we have used these data as a basis for the backbone assignment of p53 . We quantified the effect of addition of each of the Hsp90 constructs on the 1 H-15 N HSQC spectrum of the p53 DBD by measuring the volumes and intensities of the cross-peaks in the spectrum. As in similar earlier studies 15 , we hypothesize that sites on p53 in which resonance intensity is affected at the lowest concentrations of Hsp90 titrant may represent the binding site(s) of Hsp90 on p53. To identify such sites, we determined for each cross-peak the concentration ratio of Hsp90 titrant added to p53 that led to reduction of the cross-peak to half its original volume or intensity. These values (conc 1/2 ) are plotted as a function of residue number for each Hsp90 titrant in Figure 3 . The average conc 1/2 value for all of the affected resonances (horizontal lines, Fig. 3 ) can also be used to derive a crude estimate of the affinity of p53 for each of the Hsp90 constructs, assuming that the remaining intensity of the cross-peaks is due solely to the remaining free p53 and that the spectrum of the bound p53 is invisible. Approximate K d values calculated in this way are the following: 130 µM for N, 250 µM for M, 30 µM for NM, 50 µM for MC and 30 µM for Hsp90∆. We also calculated values for K d directly from the intensity data, assuming the formation of a 1:1 complex in each case, giving average values of 133 µM for N and 232 µM for M. The NM titration could not be fitted by this method, and the MC and Hsp90∆ titrations did not fit well to the assumption of a 1:1 complex. This result is probably consistent with our observation that the MC and Hsp90∆ proteins are present as dimers, which might be expected to have two or more potential client-binding sites.
Mapping of the sites where cross-peaks were preferentially affected onto the published structure of the p53 DBD 13 showed that no matter which titrant is used, the affected resonances are distributed throughout the folded core of the protein, including the central β-sheet (Fig. 3f) . If the affected sites represent contact sites between the Hsp90 and the p53 DBD, we would expect to see the major effects on the surface, rather than on the interior of the protein. We thus conclude that the reduced resonance intensity in the NMR spectrum of p53 upon addition of Hsp90 and its component domains indicates a general change in the environment of protons and nitrogens throughout the folded portion of the p53 DBD, an effect that occurs because domains of Hsp90 are present.
We examined the spectra and found small shifts on certain surface resonances that can be used to locate points of contact between the Hsp90 domains and p53 (examples are circled in Fig. 1c) ; such observations have been used to elucidate a binding surface between the Hsp90 M domain and the p53 DBD (S.J.P. and H.J.D., unpublished data). However, the major effect of Hsp90 on the spectrum of p53 remains the intensity reduction and disappearance of p53 cross-peaks. We suggest that this effect is due to the formation of a structurally heterogeneous molten globule-like state in p53 in the presence of Hsp90 or its domains. The intensity and linewidth of NMR resonances of biological macromolecules can be affected by the molecular size (see Supplementary Table 1 ) and by exchange between states (for example, between free p53 and a complex with Hsp90) at rates that cause resonance broadening. We think that these factors do not provide the major source of the intensity reduction we observe for p53 in the presence of Hsp90, primarily because the spectra of Hsp90 and its domains are not affected in the same way as those of p53 (Supplementary Fig. 2) . A detailed explanation of the reasoning leading to this conclusion is given in Supplementary Discussion.
Molten globule-like behavior of p53 in presence of Hsp90
Lowered resonance intensity in protein NMR spectra can be caused by the presence of a heterogeneous ensemble of structures, such as a molten globule. Although several molten globules have been characterized by NMR [16] [17] [18] [19] [20] [21] , sample preparation and spectroscopy of such states are invariably challenging. The defining characteristic of molten globule NMR spectra is the presence of broadened and low-intensity resonances, which are thought to arise owing to the fluid nature of the interior of the molten Supplementary Fig. 1 ), whereas the Hsp90 domains are relatively unaffected by the presence of p53 (Supplementary Fig. 2 ). It also provides a rationale for the wide extent of the effect on the resonances of residues over the entire structured core of the p53 DBD. This hypothesis assumes that the intensity observed in any of the p53 spectra in the presence of Hsp90 domains arises almost solely from the remaining free p53, and that the spectrum of the 'bound' form (apart from the residues in the termini, which seem to be unstructured) is invisible (Fig. 4) .
ANS fluorescence evidence for the p53 molten globule
The hypothesis that p53 forms a molten globule-like structure consisting of an ensemble of loosely folded structures is difficult to test directly by NMR because we postulate that the spectrum of this form is largely invisible. Indeed, our NMR observations are problematic in terms of standard ideas of 'fast exchange' and 'slow exchange' (described more fully in Supplementary Discussion) . The hypothesis can be tested in two other ways: by observing the effect of the protein on the fluorescence spectrum of a dye, 1-anilinonaphthalene-8-sulfonic acid (ANS), and by observing the effect of Hsp90 on the H/D exchange rates of amide protons in p53.
In the presence of fully folded or fully unfolded proteins, the fluorescence of ANS is unchanged from that of the free dye, but in the presence of molten globule structures, the fluorescence is increased and the emission maximum is shifted toward the low-wavelength (blue) end of the spectrum. If p53 forms a molten globule-like state when it interacts with Hsp90, we should observe an increased and blue-shifted fluorescence of ANS when both proteins are present, as compared with its behavior in the presence of the free proteins. When we carried out this experiment, the fluorescence emission of ANS alone was relatively weak, with an emission maximum at 522 nm (Fig. 5a) . In the presence of p53 alone, the fluorescence emission was barely changed, indicating that the p53 DBD construct we used was well folded in solution. Somewhat unexpectedly, because they appear fully folded in NMR and CD spectra, each of the Hsp90 N, M, NM and MC constructs, as well as the full-length protein Hsp90∆, showed increased intensity and blue shift of the ANS fluorescence (emission maximum, ~480 nm). Such an increase can arise because of the binding of ANS in hydrophobic pockets that may be present in folded proteins, and has been observed, for example, with BSA 22 . A solution containing a 1:1 mixture of p53 and Hsp90 showed a further marked blue shift of the emission maximum (to 472 nm) as compared with the Hsp90 protein alone (Fig. 5a) . The change in fluorescence intensity from free Hsp90 to the complex was quite small at pH 7.1, but the intensity was markedly greater at a slightly lower pH, 6.0 (Fig. 5a) , with a further blue shift of the emission maximum relative to a r t i c l e s that of free Hsp90 (475 nm for Hsp90 versus 467 nm for the complex at this pH). NMR spectra of the component proteins were unchanged with the change of pH from 7.1 to 6.0 (Supplementary Fig. 3 ), indicating that there was no major change in the overall protein structure. We conclude that the slightly lowered pH intensified the loosening of the structure of p53 in the presence of Hsp90, allowing the binding of more ANS and the subsequent greater increase in fluorescence intensity. The blue shift of the spectra of the mixture compared with those of the free Hsp90 at both pH 7.1 and pH 6 is consistent with the binding of additional ANS to p53, over the amount bound to the free Hsp90, suggesting that p53 contains a molten globule-like structure more pronounced than that of Hsp90.
H/D exchange evidence for the p53 molten globule
Further evidence that the structure of the p53 DBD is loosened in the presence of Hsp90 comes from hydrogen-exchange measurements. The p53 DNA-binding domain forms a well-structured folded domain in isolation, with a central β-sheet. Many of the amide protons in this central β-sheet form stable cross-sheet hydrogen bonds, which, combined with the buried nature of the sheet, serve to protect the amide protons from exchange with solvent water 13 . In an experiment in which the solvent is changed to deuterium oxide (D 2 O), these protected amides will be exchanged slowly for D, whereas unprotected amides, for example on the surface of the molecule, will be rapidly exchanged, leading to the loss of the corresponding cross-peaks from the 1 H-15 N HSQC spectrum (Fig. 4b) . The effect can be quantified site-specifically by observing the intensity of the signal that remains in the 1 H-15 N HSQC spectrum after buffer exchange into D 2 O 23 . Amide proton exchange has also been used to demonstrate the formation of intermolecular complexes 24 : the exchange rates of surface amides in the vicinity of the binding site are usually slowed when the complex is formed, as the site becomes protected from solvent upon complex formation. In the case of the p53-Hsp90 complex, if the p53 structure is loosened upon complex formation, we should observe the reverse effect: the protected amides in the center of the molecule should exchange faster in the complex than in the free state (Fig. 4c) . The HD exchange experiment is difficult to design for the p53-Hsp90 system. Common methods of measuring HD exchange involve the rapid accumulation of multiple 2D spectra to determine exchange rates by analysis of the peak intensities of specific cross-peaks in successive spectra. However, this approach is not ideal for the p53-Hsp90 system: because the sample concentrations are low, the pulse power to accumulate the multiple NMR spectra (using the SOFAST method 25 ) must be high, leading to sample heating, which invalidates the results. We are most interested in the exchange rates of the persistent amides, many of which are also the cross-peaks whose intensity is lowered in the spectrum of p53 upon addition of Hsp90. Therefore, the H/D exchange experiment must be carefully controlled to determine any change in the intensity of these amide cross-peaks that could be due to HD exchange rather than to the effect of the added Hsp90. To design this experiment, we took advantage of the fact that many of the persistent amides in the p53 DBD persist for a substantial time in D 2 O without a major change in intensity 13 . Therefore, we could estimate the differences in the exchange rates under various conditions by acquiring a single NMR spectrum on four p53 samples, variously containing H 2 O, D 2 O and an Hsp90 domain, keeping all other factors exactly the same (selection of corresponding cross-peaks from the four spectra, inset in Fig. 5b ; complete spectra, Supplementary  Fig. 4) . The amount of M domain added to the p53 (a 1:1 ratio, about equivalent to that of the red spectrum in Fig. 2b) was not sufficient to cause severe intensity loss (comparing black and green cross-peaks in Fig. 5b) . Upon exchange into D 2 O buffer, cross-peaks corresponding to solvent-exposed amides disappeared from the spectrum of the free p53, but a substantial number remained, some at intensities comparable to those of the free protein in H 2 O (orange cross-peaks). The intensity of many of these cross-peaks was further diminished, sometimes almost completely, when the D 2 O buffer exchange was carried out in the presence of Hsp90 M (pink cross-peaks). A few resonances show a small increase in intensity of the cross-peaks representing the persistent amide proton signals in the presence of Hsp90 M, but the vast majority of the cross-peaks show a decrease in intensity (Fig. 5b) . Notably, this result is consistent with the outcome we would expect if our hypothesis about the molten globule-like state of p53 in the presence of Hsp90 is correct (Fig. 4c) , and completely the opposite of the increased protection we would expect on formation of a complex.
DISCUSSION
We conclude from the NMR, H/D exchange and fluorescence data that a loosened heterogeneous molten globule-like state is formed by the p53 DBD in the presence of Hsp90 and its N and M domains. (Because we cannot study the effect of the isolated C domain, we have no information to indicate whether this domain can also participate in the interaction.) The interaction between p53 and Hsp90 has been reported earlier, but the results from different groups have been interpreted inconsistently. A fluorescence and NMR study 26 concluded, on the basis of the temperature dependence of the NMR spectra of the p53 DBD with and without full-length Hsp90, that the p53 domain was bound to Hsp90 in an unfolded state and that the folded p53 DBD would not interact with Hsp90. On the other hand, extensive studies from other groups [10] [11] [12] suggested that folded p53 could also interact with Hsp90. The fundamental difference between earlier conclusions 26 and our observations may be a result of a difference in the Hsp90 protein used (Hsp90β 26 versus Hsp90α (present work)) or in salt concentrations. We examined the published NMR spectrum 26 and found it to be consistent with the data presented here: the NMR spectrum of the bound p53 DBD contains far fewer resonances than would be expected for a protein of this size, a r t i c l e s and, as pointed out by the authors 26 , those that are present probably correspond to the residues in the unstructured N and C termini of the domain. The lowered intensity for the majority of the resonances in the spectrum is exactly the same as we observe for p53 with Hsp90, but we also observe similar effects in the presence of smaller proteins representing the constituent domains of Hsp90. These results are not consistent with the presence of unfolded p53 in the complex, for which we might expect to see sharper resonances with chemical shifts different from those of the (folded) free protein, if only in the low-molecularmass complexes of the N and M domains. Instead, we observed loss of intensity directly proportional to the amount of added N, M, NM, MC or Hsp90∆, consistent with the formation of a heterogeneous conformational ensemble resembling a molten globule in the p53 client. Our results are not consistent with the formation of a unique complex between the Hsp90 domains and p53-we see none of the effects, such as resonance shifts, that are expected upon complex formation-yet p53 is affected by the presence of Hsp90, and the effect increases as more Hsp90 is added. Our observations are consistent with many of the known attributes of Hsp90, including its relatively wide stable of client proteins and the effects on specificity and affinity of added extrinsic molecules, cochaperones and ATP, as well as the absence of any reports of crystallization of Hsp90-client complexes. We suggest that Hsp90 affects p53 to produce the NMR behavior that we observe by undergoing multiple transient interactions, primarily using the N and M domains. Such a manifold of chaperone-client 'complexes' could be modified and tuned to various tasks, depending on the presence of ATP and specific cochaperones. However, we suggest that the basic underlying interaction of Hsp90 with its client proteins is heterogeneous and transient. In the case of p53, these interactions lead to the loosening of the structure of the protein into a state resembling a molten globule. If this observation proves general, it has notable implications for the understanding of Hsp90 function. Hsp90 is present in cells at an abundance of up to 1% of the total cellular protein, suggesting that this protein has a central role in cellular metabolism. A general propensity of Hsp90 to cause loosening of the structures of its client proteins would be consistent with several of its known functions. For example, Hsp90 is thought to sequester the ligand-binding domains (LBDs) of nuclear hormone receptors in a binding-competent state in the absence of the hormone signal, and to release the protein once the hormone is present 27 . Because the structures of LBDs in the presence of their hormone ligands show the hydrophobic hormone molecules deeply buried in the core of the domain, we are tempted to speculate that the LBD may also form a molten globulelike state in the presence of Hsp90, a state that would probably be loose enough for the hormone to access the hydrophobic interior. Once the hormone is bound, the LBD becomes more structured, providing a mechanism for the release of the protein from the chaperone.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/. 
